The biomechanical environment within the optic nerve head (ONH) may play a role in retinal ganglion cell loss in glaucomatous optic neuropathy. This was a systematic analysis in which finite element methods were used to determine which anatomic and biomechanical factors most influenced the biomechanical response of the ONH to acute changes in IOP. METHODS. Based on a previously described computational model of the eye, each of 21 input factors, representing the biomechanical properties of relevant ocular tissues, the IOP, and 14 geometric factors were independently varied. The biomechanical response of the ONH tissues was quantified through a set of 29 outcome measures, including peak and mean stress and strain within each tissue, and measures of geometric changes in ONH tissues. Input factors were ranked according to their aggregated influence on groups of outcome measures. RESULTS. The five input factors that had the largest influence across all outcome measures were, in ranked order: stiffness of the sclera, radius of the eye, stiffness of the lamina cribrosa, IOP, and thickness of the scleral shell. The five least influential factors were, in reverse ranked order: retinal thickness, peripapillary rim height, cup depth, cup-to-disc ratio, and pial thickness. Factor ranks were similar for various outcome measure groups and factor ranges. CONCLUSIONS. The model predicts that ONH biomechanics are strongly dependent on scleral biomechanical properties. Acute deformations of ONH tissues, and the consequent high levels of neural tissue strain, were less strongly dependent on the action of IOP directly on the internal surface of the ONH than on the indirect effects of IOP on the sclera. This suggests that interindividual variations in scleral properties could be a risk factor for the development of glaucoma. Eye size and lamina cribrosa biomechanical properties also have a strong influence on ONH biomechanics. (Invest Ophthalmol Vis Sci. 2005;46: 4189 -4199) DOI:10.1167/iovs.05-0541 E levated intraocular pressure (IOP) is the primary risk factor for the development of glaucomatous optic neuropathy. The mechanism whereby IOP induces loss of retinal ganglion cell function in glaucoma is not well understood, but has been postulated to involve both biomechanical and vascular effects. Biomechanically, it is hypothesized that IOP-induced mechanical strain on glial cells supporting ganglion cell axons eventually leads to apoptosis of the ganglion cells and the consequent loss of vision.
E levated intraocular pressure (IOP) is the primary risk factor for the development of glaucomatous optic neuropathy. The mechanism whereby IOP induces loss of retinal ganglion cell function in glaucoma is not well understood, but has been postulated to involve both biomechanical and vascular effects. Biomechanically, it is hypothesized that IOP-induced mechanical strain on glial cells supporting ganglion cell axons eventually leads to apoptosis of the ganglion cells and the consequent loss of vision. [1] [2] [3] However, the "safe" level of IOP is patient specific, 4 a difference that is likely due, at least in part, to differences in optic nerve head (ONH) geometry and biomechanical properties. An improved understanding of the ONH biomechanical environment, and of the dependence of this environment on the geometry and biomechanical properties of the ONH tissues, is necessary to understand better how biomechanical effects may play a role in glaucomatous optic neuropathy.
Unfortunately, direct measurement of the ONH biomechanical environment is not possible at present, and alternate approaches are therefore needed. One such approach is modeling. Initial models were mathematical and had several limitations (discussed in Ref. 5 ). More recently, computational models based on the finite element approach have been able to overcome some of these limitations. For example, studies using a simplified (generic) ONH shape can match the general magnitude and shape of observed vitreoretinal interface deformations due to changes in IOP 5 and have highlighted how scleral canal shape can affect ONH biomechanics. 6 More sophisticated individual-specific models are now being developed, reproducing in detail the anatomy of an individual optic nerve head in monkeys 7 and humans. 8 The numerical modeling process involves assumptions and simplifications whose effects must be carefully considered in interpreting model results. For example, it is necessary to assign biomechanical property values (e.g., stiffness, compressibility) to ONH tissues, but reported data for these properties show a large range, 5 likely reflecting interindividual differences and aging effects. Moreover, models based on a "generic" ONH geometry make assumptions about which tissue components to consider and their shape. Individual-specific models reduce the arbitrary geometric nature of generic models, but still make important assumptions about which tissue components to consider, the level of detail in modeling, the size of the region to model, and material properties.
To guide future modeling and experimental studies, it would be helpful to understand how sensitive model predictions are to these assumptions and simplifications. In this regard, it is useful to think of the computational modeling process as a black box with a set of inputs (e.g., tissue geometry and tissue mechanical properties) that produces a set of outcome measures (e.g., mechanical strain on lamina cribrosa [LC] tissues). Our goal in this work was to define the sensitivity of model outcome measures to variations in model inputs.
One complication of such a sensitivity analysis is that there is no model outcome measure that is universally accepted for predicting the risk of glaucomatous optic neuropathy. We will therefore look at a variety of model outcome measures, selected either because they are clinically observable (e.g., shape of the cup) or because there is a reasonable chance that they are biologically significant in the pathogenesis of glaucomatous optic neuropathy (e.g., strain in the LC). This complicates the analysis; nonetheless, we shall see that certain inputs have a consistently large effect on many of the outcome measures,
The Baseline Model
The sensitivity analysis was carried out based on a previously described model. 5 Briefly, the model was axisymmetric and consisted of five tissue regions: corneoscleral shell, LC, prelaminar neural tissue (including the retina), and postlaminar neural tissue (including the optic nerve), and pia mater. The ONH was modeled in some detail, whereas the rest of the eye was modeled as a spherical shell of constant thickness. For the study presented herein, we used a slightly modified form of Model 3 from our prior study, 5 in which the geometry of the region where the pia mater meets the sclera was simplified, with the intention of reducing artifactual concentrations of stress and strain, and preventing the occurrence of computationally inefficient (and possibly inaccurate) high-aspect ratio elements. As before, all tissues were assumed to be linearly elastic and isotropic, with their mechanical behavior determined by their Young's modulus and Poisson ratio.
Input Factors
The input factors, along with their baseline values and ranges, are listed in Table 1 and are shown in Figure 1 . It is convenient to subdivide the input factors into three categories.
Tissue Material Properties. These include Young's modulus (stiffness) for each of the five tissue regions and the compressibility (Poisson ratio) of the prelaminar neural tissues, since it has been suggested that the prelaminar neural tissues could change their volume with IOP. 1, 51 We assumed that all tissues were linearly elastic and isotropic and that all tissues except for the prelaminar neural tissues were incompressible.
Tissue Loading. IOP has been identified as the principal risk factor for the development of glaucomatous optic neuropathy. Consequently, we included this boundary condition as an input factor, allowing us to evaluate the magnitude of its effects relative to those of other factors.
Geometry of the Ocular Tissues.
There is some arbitrariness in how the ocular geometry was specified. We defined 14 geometric factors that together spanned a wide range of possible globe sizes and ONH shapes (see Fig. 1 for definitions). These geometric input factors included the thickness of the prelaminar neural tissue, LC, pia mater, and sclera at different points; the shapes of the scleral canal and optic cup; the eye globe radius and thickness; the curvature of the LC; and the shape of the peripapillary sclera. Herein, we give notes explaining how some of these factors were defined. The scleral point closest to the axis of symmetry was defined as the scleral tip, and its distance to the axis of symmetry as the radius of the scleral canal. Directly anterior (i.e., on a line parallel to the axis of symmetry) to the tip of the sclera, at a distance defined as rim height, was the retinal rim top. From the retinal rim top, away from the axis of symmetry, the prelaminar neural tissue thinned smoothly, attaining the retina shell thickness at a point that represented the rim perimeter. Orthogonal to the axis of symmetry, we defined a reference level 50 m posterior to the rim perimeter ( Fig. 1; dashed line) , representing the scanning laser tomograph's reference plane (Heidelberg Retina Tomograph; Heidelberg Engineering, Heidelberg, Germany). 25 The shape of the cup was characterized by a cup-to-disc ratio, as measured at this reference level. The shape of the cup varied from a relatively small cup with steep walls (cup-to-disc ratio of 0.1) to a relatively large, flat cup (cup-to-disc ratio of 0.5). Cup depth was defined as the distance from the bottom of the cup to the reference level. We varied the curvature of the LC by changing the depth of the anterior LC surface at the axis of symmetry with respect to the same surface at the edge of the LC. As this depth increases, the LC shape varies from flat (depth 0) to more curved. The shape of the Ranges were estimated from our own measurements (*), or from a combination of our measurements and the sources listed (see the Methods section for details). In many cases, the sources did not directly measure the quantity of interest. In such situations, we computed the quantity of interest from the data that were reported. posterior peripapillary sclera was parameterized and varied from 0 to 1, representing variations with little to significant scleral thinning. The optic nerve and canal wall angles are related to parameters identified by Burgoyne et al. 7 that help determine the thickness of the peripapillary sclera-namely, the angle of the neural canal wall and the oblique orientation of the canal's passage through the sclera. In our models, which are asymmetric, these input factors measured the rate of enlargement of the canal diameter and retrobulbar optic nerve.
For each input factor, the baseline value and range of admissible values were defined from the literature, when available, or from our own estimates, based on measurements on serial sections of the ONH from ostensibly healthy donor human eyes. 8 For a number of input factors the range of physiologically reasonable values is unknown. An unnaturally large range could make a factor artificially influential and conversely make other factors artificially modest. We therefore tried to reduce the arbitrariness of the input factor ranges by varying input factors over comparable ranges. Specifically, all tissue stiffnesses (Young's moduli) were varied from onethird to three times the values in the baseline model, which is within the range of reported experimental values. The prelaminar tissue Poisson ratio varied from practically incompressible ( ϭ 0.49) to relatively low ( ϭ 0.4). Many geometric factors were varied in the range Ϯ20% around the values of the baseline model.
In addition, we evaluated the possible effects of input factor ranges by repeating the study under three conditions: full factor ranges, as described earlier, halved factor ranges (for all factors, except IOP), and minimal factor ranges defined as one twenty-fourth of the full range. The advantage of using smaller input factor ranges is that it allows us to minimize nonlinear effects that are seen in some outcome measures, as will be described in the following sections.
Numerical Details
The construction of the model geometry was scripted so that a set of parameters defining the input factors could be read from a file and a model generated, solved, and analyzed automatically within a finite element package (ANSYS, ver. 8; ANSYS Inc., Canonsburg, PA) in a few seconds using a desktop workstation. All models were meshed with eight-node quadrilateral elements (Plane82), using the finite element's own automated meshing routines. In a preliminary study, 5 a mesh refinement analysis was performed based on the structural percentage error in energy norm (SEPC), a measure of the discontinuity of the stresses, sequentially refining the baseline model until the SEPC measure dropped below 1%. The resultant element size was halved and used as the target element size when meshing each of the models in the study. If during the parametric analysis a model predicted particularly large stress or strain levels, its SEPC value was checked to confirm that it was below 1%. There was never a need to remesh a model to guarantee a converged solution.
Finite element simulations were carried out for 25 equally spaced values of each input factor within its given range, giving a total of 505 models (21 factors, each at 25 levels, minus the 20 repetitions of the baseline model of each factor). Thirteen equally spaced values for each input factor were used for the half-range conditions (253 models) and two values for the minimal range conditions (22 models). Postprocessing analyses were performed on computer (Excel 2003; Microsoft Corp., Redmond, WA).
Outcome Measures
Several different outcome measures are possible, and the choice of these measures was motivated by what we believe is biologically important or clinically observable. We chose 29 outcome measures (Table 2) , divided into the following categories.
Strain and Stress. Strain represents the amount of stretching that a tissue undergoes, and stress is the force within the tissue per unit of tissue area. Strain is important since most research in mechanobiology suggests that cells respond to strain (deformation) rather than directly to stress. Stress is important because it determines the tendency of extracellular materials to fail (tear) as occurs at the periphery of the glaucomatous LC. 1 It is important to differentiate between stress and strain when evaluating mechanical effects on cells and tissues, which is why we have considered both of these quantities. Unfortunately, strain and stress are tensor quantities that cannot be completely specified by a single value at a given location. For this work, we chose the maximum principal strain as a measure of maximum tissue strain and von Mises stress as a measure of stress. 52 Assuming isotropic linearly elastic tissue, all stresses and strains scale linearly with the applied loads. Therefore, we report stresses as multiples of the baseline IOP (25 mm Hg).
We tracked the maximum principal strain and von Mises stress within each of the five tissue regions, computing mean and peak values within each region. Peak values of strain (stress) were defined as the average of the strain (stress) values in the 5% of the tissue volume having the largest strain (stress). This definition minimizes the effects FIGURE 1. Input factor definitions superimposed on the baseline model geometry (only the ONH region of the entire eye is shown). See Table 1 for input factor ranges. In addition to the input factors shown, the compressibility (Poisson ratio) of the prelaminar neural tissue and the stiffness (Young's modulus) of each tissue region, were varied, for a total of 21 input factors. Dashed line: a reference level used to compute cup-todisc ratio and cup depth. The illustration represents the model geometry at a pressure of 0 mm Hg. of outliers in the strain (stress) distribution that could depend on the specifics of the numerical discretization or on outliers from regions too small to have physiologic significance. Peak and mean values of maximum principal strain and von Mises stress for each of the five tissue regions produce 20 outcome measures for each model configuration.
Geometric Changes. We defined nine geometric features as outcome measures (see Table 2 and Fig. 2 ). These included: scleral canal radius, as described in the section on input factors; thickness of the prelaminar neural tissue and the LC, measured at the axis of symmetry and halfway between the axis and the same tip of the sclera used for the canal radius, LC thickness at the scleral canal wall, and the angle of the scleral canal wall with respect to a line orthogonal to the axis of symmetry. Finally, cup depth and cup-to-disc ratio were computed in the same way as in the definition of the input factors, but based on a reference level updated for the deformed geometry.
In total 14,645 outcome measures were computed (29 measures for each of 505 models). With so much data, it was essential to have a rational and systematic way to analyze the information, and to this end we adopted the following approach. We first asked: How much does a single outcome measure vary as a single input factor varies over its range? To answer this question we defined the absolute response of an outcome measure to a single input factor as the range (maximum Ϫ minimum) of the outcome measure values while varying only that input factor. Therefore, there is one absolute response number for every pairing of input factor and outcome measure. For each outcome measure, we then summed the absolute responses of all input factors to obtain the outcome measure total response, and then quantified the influence of a single input factor, a relative response, as the percentage of this total response. The relative response therefore quantifies the relative importance of a single input factor for only one outcome measure. A more global view is obtained by adding the relative responses of a single input factor over a set of outcome measures. This was defined as the input factor's total influence.
For the condition of minimal factor ranges, an outcome measure's absolute response is akin to the slope, or rate of change, of the outcome measure as a function of the input factor, reinforcing the idea of this condition as a local analysis.
Input factors were ranked according to their total influence. Because we are not certain which outcome measure correlates most strongly with the development of glaucomatous optic neuropathy, we repeated this ranking using various groupings, or sets, of outcome measures. Four groups were formed by each of peak and mean strain and peak and mean stress within all five tissue regions. Outcome measures related to ONH geometry were divided grossly according to how easily they can be observed in a clinical setting into observable (cup-to-disc ratio, cup depth, and scleral canal radius), and nonobservable (retinal and laminar thicknesses and angle of scleral canal wall).
RESULTS
To illustrate the effects of a single input factor, Figure 3 shows how the maximum principal strain field in the ONH changed as scleral stiffness was varied. A steep line in the top panel The numbers in the final two columns are the minimum and maximum value for the change in each outcome measure computed over all simulations (i.e. over all variations of the input factors). For purposes of computing the change, the reference state was defined to be the condition of IOP ϭ 0. Therefore, a negative number in the last two columns means that the geometric outcome measure value decreased as the IOP was increased. A pressure of 25 mm Hg corresponds to 33.33 kPa.
indicates that scleral stiffness had a large effect on the outcome measure. Mean strain levels within the prelaminar neural tissue and LC decreased as the sclera stiffened, with larger effects occurring for more compliant (less stiff) scleras. However, peak strains did not show a monotonic decline. This occurred because the sclera near the termination of Bruch's membrane showed an increase in strain levels as the sclera stiffened (Fig.  3, contour plots) , the opposite of the behavior of most of the ONH. The net effect was a minimum value in peak strain at intermediate scleral stiffnesses.
When interpreting contour plots such as those shown in the lower part of Figure 3 , we must be careful to remember that we are seeing only a flat (two-dimensional) representation of a model with axial symmetry and that the volume subtended by different regions depends on their distance to the axis of symmetry and their shape. For example, identical regions close to the axis of symmetry subtend smaller volumes than those farther away from this axis. Therefore, the relatively large strain concentrations near the bottom of the cup occur only in a small volume and have a limited effect on mean strain. Conversely, the lower strain levels in the prelaminar neural tissue away from the ONH and near the opening of the scleral canal occur in larger volumes, where small changes can have large effects on mean strain.
Considering all simulations, mean and peak maximum principal strains were highest within the neural and laminar regions, reaching potentially biologically significant levels greater than 5% within most optic nerve tissues (Table 2 ; rightmost column). The range of strain and stress variation was widest within scleral tissue. The data in Table 3 also provide information on how the ONH tissues deformed; for example, note that the prelaminar neural tissue thinned at the axis of symmetry and thickened midway from the axis to the canal rim, whereas laminar thickness always decreased.
FIGURE 2.
Definitions of geometric features, whose changes are used as outcome measures, superimposed on the baseline model geometry (only ONH region of entire eye is shown). In addition to the geometric outcome measures shown we also computed peak and mean maximum principal strain and peak and mean von Mises stress within each of the tissue regions, for a total of 29 outcome measures. Dashed line: a reference level used to compute cup depth and cup-to-disc ratio. A more comprehensive view of the effects of multiple input factors on strain in the prelaminar neural tissue is shown in the top panel of Figure 4 , which provides a visual representation of the relative importance of the various input factors. Most of the input factors had little effect (black lines), but scleral modulus clearly had a large effect (red line). Other input factors such as the radius of the globe, scleral thickness, IOP, and LC radius, had modest but nontrivial effects.
When we considered a different outcome measure, for example scleral canal radius ( Fig. 4 ; bottom panel), scleral modulus still had the largest effect of all input factors. However, the ranking of the top five input factors changed slightly. This shows, as might be expected a priori, that different outcome measures have different sensitivities to the input factors. It is therefore important to look at a range of outcome measures to determine overall trends about which input factors are most important-a task to which we now turn.
The relative responses of all outcome measures to variations in all factors are shown in the left side of Figure 5 . The details for each outcome measure are different, and therefore the overall influence of an input factor depends on the set of outcome measures that are examined. Despite this, several broad trends emerged. First, scleral modulus (orange bars near bottom) had a very substantial effect on almost every outcome measure. Other input factors, such as IOP, globe radius, and LC modulus, had a less striking effect that is nonetheless appreciable. In contrast, some input factors had consistently little or no effect, such as pial and retinal thicknesses. This is perhaps easier to appreciate on the right side of Figure 5 , where we plotted total influences, obtained by summing relative responses for each input factor over all outcome measures. It can be seen that no matter what range of input values was used the five most influential factors were consistent and account for approximately two thirds of all outcome measure variations, with scleral modulus alone contributing approximately one third. In fact, narrower factor ranges had an even larger scleral modulus contribution. The five least influential factors were also only slightly affected by the range of input factors chosen, and accounted for only approximately 2% or 3% of all outcome measure variations.
The ranks of input factors according to their total influence are shown in Table 3 . Columns correspond to input factor ranks computed with different outcome measure groups, or with different factor range conditions. When considering different columns, several consistent themes emerged. Most important, we concluded that scleral modulus was the most influential input factor for all outcome measure groups and factor range conditions. The IOP, modulus of the LC, and radius of the globe were also consistently influential. Confidence in the robustness of the results is enhanced by noting A rank of 1 means that the input factor had the largest total influence (see text for definition of total influence), 2 means that the input factor had the second-largest total influence, and so forth. Cells are shaded green when the rank is within the top five, and orange when the rank is within the bottom five. Factor ranking depends on the set of outcome measures considered. Columns 2-10 represent different sets of outcome measures. Column 2 considers all outcome measures. The ranks in column 3 were computed using peak strains within all tissues as outcome measures. Column 4 contains similar rankings when considering mean strains. Column 5 considers both peak and mean strains. Columns 6 -8 are similar, with stress replacing strain. Columns 9 and 10 consider only outcome measures related to model geometry (see text for definitions of groups). The numbers in column 10 are the mean rank averaged over all outcome measure sets (i.e., over columns 3-10). All ranks in this table were computed using input factor full ranges.
that no factor within the five most influential for any group was within the five least influential for any other group. Similarly, no factor that was within the five least influential factors for one group was within the five most influential for any other group. Of special interest is the outcome measure group labeled "observable" formed by cup-to-disc ratio, cup depth, and scleral canal radius, for which laminar modulus and thickness were not as influential as for other groups, whereas canal radius and scleral shell thickness has a strong influence. Interesting as well are the input factors for scleral shell thickness and pial modulus. Whereas the former was influential in all groupings, except those of stress outcome measures, the latter shows the opposite, being only within the five most influential for the stress outcome measure groups. This difference in influence is probably the result of the large relative response of peak and mean stress within the pia to pial modulus, as can be seen in Columns 15 and 20 on the left side of Figure 5 .
DISCUSSION
The goal of this study was to determine which input factors have the largest influence on ONH biomechanics. This infor- Effects of all input factors on two outcome measures: mean strain within the prelaminar neural tissue (top) and scleral canal radius (bottom). Steep lines represent large factor effects on the outcome measure. Factors in the legend are ordered by relative response, from smallest to largest. The five most important factors for the mean strain within the prelaminar neural tissue were (with relative response in parentheses): the modulus sclera (51%), IOP (10%), eye radius (8%), modulus lamina (6%), and scleral thickness (5%), which together account for 75% of the effects. For the changes in canal radius, the five most important factors were modulus sclera (48%), eye radius (9%), scleral thickness (9%), IOP (9%), and lamina radius (8%), which together account for 83% of the effects. The effects of the least important 16 input factors are shown as lines without symbols. Although it is not possible to tell the factors apart, it is clear that their effects are limited. To allow comparison of various factors on the same plot, the x-axis shows each input factor value linearly scaled from its minimum value (Ϫ1) to its maximum value (ϩ1). mation is valuable in three ways: It will help to guide future modeling studies; it will help to focus future experimental measurements of ONH biomechanical properties; and it may eventually provide insights into why some individuals tolerate elevated intraocular pressure better than others. The main conclusion of this work is that the stiffness of the sclera was by far the most influential input factor. This conclusion was remarkably robust, holding true across a wide spectrum of outcome measures and for different ranges of the input factors. It is perhaps initially counterintuitive that scleral mechanical properties should have such a large influence on ONH biomechanics. This can best be understood by recalling that the sclera is the main load-bearing tissue within the eye, and therefore plays a central role in maintaining the mechanical integrity of the pressurized eye. If the stiffness of the sclera changes, the amount of deformation that it experiences at a given level of IOP also changes. Because the other ONH tissues are relatively compliant compared with the sclera, they tend to get carried along by the sclera as it deforms (i.e., scleral deformations are transmitted to all ONH tissues). Consequently, anything that changes the response of the sclera to IOP (such as scleral stiffness) has a large influence on ONH biomechanical behavior. These findings strongly suggest that scleral biomechanical properties, particularly those of the peripapillary sclera, may play an important role in the biomechanics of glaucomatous optic neuropathy.
It is very important to point out that our predictions indicate that scleral properties have the largest effect when the sclera is more compliant (see Fig. 3 ). Reported values of scleral stiffness vary considerably (Table 1) , and to the best of our knowledge, the lowest reported value in humans is 1.8 MPa, which is slightly higher than the minimum level of 1 MPa used in this study. That means that the absolute magnitude of the sensitivity to scleral stiffness that we report is probably an overestimate. However, even accounting for this fact, scleral stiffness is still the most influential parameter we investigated; for example, the computations in which we used the minimum range of parameters, in which parameters varied by just a small amount around their baseline values, showed that scleral stiffness had by far the largest influence ( Fig. 5 ; right). It is interesting that the minimum reported value for human scleral stiffness is right in the region where changes in scleral effects begin to be have the most effect. This reinforces our belief that we require better measurements of scleral biomechanical properties in the human eye, and how these values vary in the population, similar to the measurements performed in rabbits and monkeys by Downs and colleagues. 14, 15, 34, 37, 38, 53 The importance of scleral biomechanical properties is particularly interesting in the context of the Ocular Hypertension Treatment Study which found that central corneal thickness was an independent risk factor for the development of glaucomatous optic neuropathy, 26, 27 although a recent article calls into question some of these conclusions. 9 Perhaps central corneal thickness is a surrogate measure for some essential biomechanical property or properties of the sclera. If true, this could explain why central corneal thickness, independent of corrected IOP, was associated with the risk of development of glaucomatous optic neuropathy.
Scleral stiffness was not the only influential input factor. IOP, eye globe radius, LC stiffness, scleral shell thickness, and scleral canal radius all showed appreciable influence across broad ranges of outcome measures. Scleral geometric factors (globe radius, scleral thickness) influence ONH biomechanics in a similar way to scleral stiffness, through the deformation transmitted to the peripheral ONH. This is consistent with a report by Bellezza et al., 6 who proposed increases in IOPrelated tissue stresses with increased neural canal size (corresponding here to the LC radius) and peripapillary sclera thinning. Increased scleral compliance occurs, for example, in myopia, either because of scleral thinning 54 or due to alterations to the scleral extracellular matrix, 55, 56 which could help explain the higher incidence of glaucomatous optic nerve damage in highly myopic eyes at a given IOP. 28, 57 Increased scleral deformations may also affect blood flow through the posterior ciliary arteries, 1 also with possible harmful effects on neural tissue. This study suggests that the LC is a high-strain region, even if there is no stiffness mismatch between the LC and peripapillary sclera, contrary to previous suggestions. 3 This is because compliance depends both on biomechanical and geometric properties (e.g., thickness).
Our models predict that the specifics of the shape of the cup have a limited effect on strains in ONH tissues, as evidenced by the low influence of cup-to-disc ratio, cup depth, and peripapillary rim height across the outcome measures and input factor ranges.
Limitations
This study is subject to certain limitations. First, the effects of input factor variations were only tested independently by altering input factors one-by-one from an assumed baseline model. However, it is possible that there are interactions between the various input factors. For example, we might expect the importance of prelaminar neural tissue compressibility to increase as prelaminar neural stiffness decreases. Furthermore, two or more input factors could be correlated with one another in vivo; for example, thinner scleras could tend to have higher stiffness as a compensatory mechanism. Our approach cannot discover such interactions, should they exist. Further work is needed to investigate the effects of such interactions, but is probably premature at the present time without a more robust experimental data set of biomechanical properties to draw upon.
Second, our choice of outcome measures, their groupings and input factor ranges, although motivated by our understanding of the biology of the ONH, are somewhat arbitrary. This is particularly important for the more influential factors, like scleral stiffness. Fortunately, it was found that input factor rankings computed using full, half, or minimal ranges, and for various groups of outcome measures were surprisingly consistent. This suggests that our conclusions are robust.
Third, our models ignored long-term remodeling processes. As such, they incorporate only the acute (passive) deformation of the tissue to a step change in IOP. Our conclusions should therefore only be interpreted as giving insight during the early stages of glaucoma, before significant connective tissue remodeling occurs. It is clear that remodeling, which can for example lead to significant changes in the shape of the cup, is an important part of glaucomatous disease as it develops. 58 -60 Fourth, our models were based on a simplified axisymmetric geometry, and therefore they do not completely reflect the complex three-dimensional architecture of the ONH region, 5 which could affect the mechanical interactions between the constituent tissues. In addition, the ONH geometry may differ between individuals in more complex ways that can be captured by the input factors considered. For example, the canal wall shape may vary in ways that cannot be expressed by an angle and thickness. Efforts are already under way to address these limitations by developing individual-specific models that reproduce the details of the anatomy of an individual human ONH. 8 An important aspect of this interindividual variation will be to incorporate more accurate constitutive models of the connective tissue in the ONH region. For example, the effects of collagen fiber orientation in the peripapillary sclera could be important in influencing peripapillary scleral biomechanics.
Finally, we have assumed that all the tissues are biomechanically linear, isotropic, and homogeneous. Further work is needed to include the effects of material nonlinearity and nonhomogeneity in the models. Again, this is likely somewhat premature, given our state of knowledge about the biomechanical properties of the relevant constituent tissues within the ONH.
Summary
The complexity of ONH anatomy and material properties, combined with the variability between individuals and within an individual over a lifetime make this a difficult region to understand biomechanically. However, if as reported herein, relatively few factors account for most of the biomechanical effects, this greatly simplifies the problem of understanding ONH biomechanics. This study has identified these key factors, the most important of which is scleral biomechanical properties. Further study of scleral biomechanics in normal and glaucomatous eyes is indicated.
